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METHOD FOR PRODUCING AN OPTICAL
COMPONENT OF SYNTHETIC QUARTZ

GLASS WITH ENHANCED RADIATION
RESISTANCE, AND BLANK FOR
PRODUCING THE COMPONENT

DETAILED DESCRIPTION

The present invention relates to a method for producing an
optical component of synthetic quartz glass with enhanced
radiation resistance for use 1n a microlithographic device at an
operating wavelength below 2350 nm, with a quartz glass
blank being provided and subjected to a multi-stage anneal-
ing treatment.

Furthermore, the present mnvention relates to a blank for
producing an optical component for use in a microlitho-
graphic device, particularly for immersion lithography, at an
operating wavelength below 250 nm.

PRIOR ART

Optical components of quartz glass are used for transmuit-
ting high-energy ultraviolet laser radiation in microlitho-
graphic exposure and projection systems for producing large-
scale integrated circuits on  substrates. Modern
microlithographic projection systems operate with excimer
lasers emitting high-energy pulsed UV radiation of a wave-
length of 248 nm (KrF laser) or of 193 nm (ArF laser). The
general demand 1s here made that a light distribution provided
in the area of an object plane of the i1llumination system
should be transmitted as homogeneously as possible and 1n an
angle-maintaining way and with the highest resolution pos-
sible 1n an 1mage plane of the projection objective conjugated
with respect to the object plane on the substrate to be exposed.
Every change 1in the angle spectrum generated in the optical
path leads to a distortion of the intensity distribution in the
objective pupil, which results in asymmetric irradiation and
thus to a deterioration of the imaging performance.

During the intended use, damage to the quartz glass net-
work structure caused by UV radiation plays a decisive role.
A known phenomenon 1n this connection 1s the so-called
‘compaction’ that arises during or after laser irradiation with
a high energy density. This effect mamifests itself 1n a sub-
stantially radially symmetrical local increase in density,
which leads to a rise in the refractive index and thus to a
deterioration of the imaging properties of the optical compo-
nent. Upon irradiation with linearly polarnized UV laser radia-
tion a radially asymmetric anisotropic density and refractive-
index change of the quartz glass 1s also observed, said change
also causing a change 1n the imaging properties of the com-
ponent and being called “central birefringence” in the follow-
ing.

The quartz glass for the quartz glass blank 1s produced by
flame hydrolysis of silicon-containing start substances by
means of methods which are generally known under the
names VAD (vapor phase axial deposition), OVD (outside
vapor phase deposition), MCVD (modified chemical vapor
deposition) and PCVD or also PECVD (plasma enhanced
chemical vapor deposition) methods. In all of these proce-
dures S10, particles are normally produced by means of a
burner and deposited layer by layer on a carrier which 1s
moved relative to a reaction zone. An immediate vitrification
of the S10, particles 1s observed (“direct vitrification™) at an
adequately high temperature 1n the area of the carrier surface.
By contrast, 1 the so-called “soot method™ the temperature
during deposition of the S10, particles 1s so low that a porous
soot layer 1s obtained that 1s sintered 1n a separate method step
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into a transparent quartz glass. Both direct vitrification and
soot method yield blanks of synthetic quartz glass 1n the form

of cylinders, rods, blocks, tubes or plates, which are further
processed 1nto optical components such as lenses, windows,
filters, mask plates for use 1n microlithography.

To reduce mechanical stresses inside the blank and to
achieve a homogeneous distribution of the fictive tempera-
ture, the quartz glass blank 1s normally annealed with great
care. EP 0 401 845 A1, for instance, suggests an annealing
program in which the blank 1s subjected to a holding period
lasting for 50 hours at a temperature of about 1100° C. and 1s
then cooled 1n a slow cooling step at a mean cooling rate of 2°
C./hto 900° C. betore free cooling 1s carried out 1n the closed
furnace.

A multi-stage annealing treatment for achieving a compac-
tion-resistant glass structure 1s suggested in EP 1 586 544 Al.
A quartz glass blank having a hydroxyl group content
between 10 wippm and 250 wtppm 1s first heated to 11300
during a holding period of 8 hours and 1s then cooled at amean
cooling rate of 4° C./h to a temperature of 1030° C. and 1s held
at said temperature for 4 hours. Subsequently, the quartz glass
cylinder 1s cooled at a higher mean cooling rate to a tempera-
ture of 300° C., whereupon the furnace 1s switched off, and
the quartz glass cylinder 1s leit to the free cooling of the
furnace. Similar annealing programs are also known from EP
021 104 A1 and EP 1 134 197 Al.

These multi-stage annealing treatments with treatment
phases at a higher and a lower annealing temperature have in
common that cooling from the higher annealing temperature
1s carried out at a slower rate than cooling from the lower
annealing temperature. The slow cooling from the higher
annealing temperature gives the network structure of the
quartz glass enough time to relax, so that stress birefringence
1s reduced and a low fictive temperature 1s obtained, which 1s
desired in general.

The demands made on components of synthetic quartz
glass for use 1n microlithography at a wavelength of 193 nm
in terms of high energy density, great pulse number and
maximally tolerable wavelront distortion are however getting
higher and higher, and it 1s foreseeable that despite sophisti-
cated aftertreatment methods the previous standard quartz
glass qualities will no longer satisiy these demands.

OBJECT OF THE INVENTION

It 15 therefore the object of the present invention to provide

a method for producing an optical component of synthetic

quartz glass that 1s optimized with respect to compaction and

central birefringence and shows a comparatively insignificant
wavelront distortion in the intended use. Moreover, 1t 1s the
object of the present invention to provide a blank of synthetic
quartz glass that 1s suited for producing the component.

Starting from the method of the above-mentioned type, this
object 1s achieved according to the invention in that the
annealing treatment of the quartz glass blank comprises the
following method steps:

(a) a first treatment phase during which the quartz glass blank
1s treated 1n an upper temperature range between 1130° C.
and 1240° C. during a first treatment period,

(b) cooling the quartz glass blank at a first high mean cooling
rate to a quenching temperature below 1100° C., a fictive
temperature with a high mean value of 1100° C. or more
being reached 1n the quartz glass,

(¢) a second treatment phase which comprises cooling of the
quartz glass blank at a second mean cooling rate, and 1n
which the quartz glass blank 1s treated 1n a lower tempera-
ture range between 950° C. and 1100° C. during a second
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treatment period such that a fictive temperature 1s reached

in the quartz glass with a low mean value which 1s at least

50° C. lower than the high mean value of the fictive tem-

perature according to method step (b).

As a rule, a low fictive temperature has an advantageous
cifect on the UV radiation resistance of quartz glass, particu-
larly on the compaction behavior thereof.

On the other hand, however, there 1s no strict correlation
between fictive temperature and compaction upon UV 1rra-
diation, and rapid cooling from an elevated annealing tem-
perature might even lead to an improved radiation resistance,
as 1s described 1n the above-mentioned EP 1 386 544 Al
although rapid cooling tends to lead to a rather high fictive
temperature.

The 1inconsistency inherent to these observations 1s elimi-
nated by the present invention. It 1s here assumed that, apart
from the fictive temperature, another structural parameter
plays a decisive role for the radiation resistance, said param-
cter, like the fictive temperature, being set 1n dependence
upon the thermal history of the quartz glass. To be more
specific, the invention 1s based on a model which assumes that
the quartz glass may have different phases differing 1n their
sensitivity to UV radiation and possibly also 1in their density.
The phase formed at a high temperature shall be called “high-
temperature phase” in the following. Said phase exhibits a
higher density and thus in conjunction therewith a lower
tendency to compaction. In comparison therewith, the “low-
temperature phase” that 1s thermodynamaically stable at a low
temperature shows a lower density and a higher tendency to
compaction upon wrradiation. When the quartz glass blank 1s
cooled down from a high temperature, there 1s a transforma-
tion from the high-temperature phase to the low-temperature
phase, but the kinetics of the transformation may be imnhibited.

As a consequence, the following problems arise during
annealing:

1. It must be ensured that a high-temperature phase propor-
tion that 1s as great as possible 1s formed in the quartz glass
of the blank at the beginning.

This 1s achieved according to the teaching of the invention
in that the quartz glass blank 1s treated at a high anneal-
ing temperature between 1130° C. and 1230° C. The
temperature treatment may comprise holding at a con-
stant temperature or cooling or heating processes within
said temperature range. It 1s the aim to form a great
proportion of high-temperature phase in the quartz glass
in a distribution that 1s as homogeneous as possible.

2. During cooling from the high annealing temperature a
proportion of high-temperature phase that 1s as small as
possible should transform into low-temperature phase.
This 1s guaranteed according to the mvention 1n that cool-

ing of the quartz glass blank from the high treatment
temperature to alower temperature below 1100° C. takes
place at a comparatively high mean cooling rate (this
rapid cooling will also be called “quenching™ in the
following). The kinetically intluenced phase transfor-
mation to the undesired low-temperature phase 1s thus
suppressed. Since methods for the quantitative analysis
of the high-temperature phase or the low-temperature
phase have so far not been known, the proportion of the
high-temperature phase still found 1n the quartz glass
alter quenching cannot be determined directly without
difficulty, but can at best be estimated indirectly with the
help of UV damage measurements on the finished quartz
glass blank. This, however, 1s extremely complicated.
For reasons of practicability the fictive temperature of
the quartz glass after completion of the first treatment
phase 1s therefore used as a measure of the degree of
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phase transformation on the comprehensible assump-
tion that a rapid quenching of the quartz glass should be
accompanied by an enhanced fictive temperature and by
an enhanced degree of maintenance of the high-tem-
perature phase at the same time. Hence, a fictive tem-
perature of at least 1100° C. averaged across the volume
of the blank should be set. In comparison with UV
damage measurements the mean fictive temperature of
the quartz glass blank can be measured and calculated
relatively easily. However, as discussed above, the {fic-
tive temperature 1s only used as an auxiliary means in
order to ensure that an enhanced degree of the high-
temperature phase 1s maintained after the first treatment
phase; besides that, a high fictive temperature has no
practical importance for the properties of the quartz
glass.

3. Just the opposite 1s true. The fictive temperature that 1s as
low as possible 1s desired for the intended use of the quartz
glass blank.

The desired low fictive temperature 1s set according to the
teaching of the invention by means of the second treat-
ment phase by way of an annealing treatment at a lower
temperature between 950° C. and 1100° C. This anneal-
ing treatment will only be successtul within a tempera-
ture range in which the advantageous effect of the
gradual reduction of the fictive temperature of the quartz

glass outweighs the harmiul effect through progressive

phase transformation into low-temperature phase. In
other words, the treatment temperature 1s on the one
hand high enough to permit a relaxation of the network
structure and a reduction of the fictive quartz glass tem-
perature, which has so far been too high, 1n finite treat-
ment periods and it 1s on the other hand low enough to
ensure a continuous Kkinetic or thermodynamic inhibi-
tion of a phase transformation ito low-temperature
phase. However, the reduction of the relatively high
fictive temperature of the quartz glass by treatment 1n the
lower temperature range, 1.€. at a comparatively low
temperature, requires long treatment times. A reduction
of the high mean value of the fictive temperature by at
least 50° C. 1s however enough as a rule. As has been
described above for the treatment 1n the upper tempera-
ture range, the treatment 1n the lower temperature range
may also comprise holding at a constant temperature as
well as cooling or heating processes within said tem-
perature range.

It can be summarized that the method according to the
invention 1s characterized by a treatment phase (a) 1n order to
establish a high degree of high-temperature phase 1n the
quartz glass, followed by a multi-step cooling phase which
comprising a first cooling step (b) which 1s a quenching
treatment characterized by a relatively high mean cooling rate
in order to suppress a transformation of the high-temperature
phase 1n low high-temperature phase, followed by a second
cooling step (¢) which 1s an annealing treatment characterized
by a relatively low mean cooling rate 1n order to establish a
fictive temperature as low as possible.

In the context of the present invention a “high mean cooling,
rate” means that the quotient of the range of temperature
passed between step (a) and (b) and the time for passing this
temperature range 1s large enough to establish a high mean
fictive temperature above 1100° C. and which 1s larger than
the “low mean cooling rate” which 1s quotient of the range of
temperature passed between step (b) and (¢) and the time for
passing this temperature range and which 1s at the same time
low enough to establish a low mean fictive temperature being
at least 50° C. lower than the high fictive temperature.
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According to the mvention the first mean cooling rate for
cooling the quartz glass blank from the upper temperature
range 1s greater than the second mean cooling rate for cooling
the quartz glass blank from the lower temperature range. The
faster the quenching process takes place from the temperature
in the upper temperature range, the smaller 1s the proportion
of the quartz-glass network structure transformed 1nto low-
temperature phase.

The result 1s a great proportion of high-temperature phase
which results 1n an enhanced density of the quartz glass and
acts like an “anticipated” compaction o the glass structure on
the whole. Therefore, the more compact network structure
counteracts a local 1sotropic and anisotropic density change
upon UV 1rradiation 1t has been found that a quartz glass
blank can thereby be produced that 1s subject to lower com-
paction and central bireifringence upon UV irradiation and
thus produces a small wavefront distortion 1n the irradiated
light distribution.

With standard finishing work, such as grinding, polishing,
framing, or the like, an optical component 1s produced from a
blank for use 1n a projection or exposure objective of a
microlithographic device.

A hint at the formation of the so-called high-temperature
and low-temperature phase 1n quartz glass 1s found in S. Sen

et al. “Observation of an. Anomalous Density Minimum 1n
Vitreous Silica”; Phys. Rev. Letters, Vol. 93, No. 12 (2004), p.

125902-1-125902-3.

This 1s also suggested by the quartz glass behavior which
has been known for a long period of time and according to
which quartz glass rapidly cooled from the temperature range
between 1000° C. and 1500° C. has a lower specific volume
and thus a higher specific density than slowly cooled quartz
glass. According to “R. Briickner, Silicon Dioxide; Encyclo-
pedia of Applied Physics, Vol. 18 (1997), p. 101-131" this
elfect 1s due to an anomaly of synthetic quartz glass 1n which
the profile of the specific volume in the range between 1000°
C. and 1500° C. has a negative temperature coelficient; this
means that the specific volume of quartz glass in this tem-
perature range icreases with a decreasing temperature, or in
other words, the quartz glass rapidly cooled from the said
temperature range with a high fictive temperature has a higher
density than slowly cooled quartz glass with a lower fictive
temperature.

A standard measuring method for determining the fictive
temperature by way of measuring the Raman scattering inten-
sity at a wave number of about 606 cm ™" is described in “Ch.
Pileiderer et al.; ““The UV-induced 210 nm absorption band 1n
tused silica with different thermal history and stoichiom-
etry”’; J. Non-Cryst. Solids 159 (1993) 143-145".

It has turned out to be advantageous when the first treat-
ment phase comprises annealing of the quartz glass blank in
the temperature range of 1150° C. to 1210° C.

Annealing 1n the said temperature range facilitates the
maintenance or the adequately rapid transformation of the
quartz glass network structure into the desired high-tempera-
ture phase at a temperature that 1s as low as possible.

It has turned out to be equally advantageous when the
second treatment phase comprises annealing in the tempera-
ture range of from 100° C. to 1100° C.

Annealing in the second treatment phase serves to lower
the mitially high fictive temperature of the quartz glass. The
treatment at an annealing temperature within the above-men-
tioned range, 1.¢. at a mean temperature, results in a rapid
relaxation of the network structure and economically still
acceptable periods of time for lowering the fictive tempera-
ture. A treatment duration of at least 100 hours 1s however
reasonable.
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A procedure has turned out to be particularly useful
wherein the quenching temperature 1s by at least 50° C.,
preferably by at least 80° C., lower than the treatment tem-
perature 1n the upper temperature range.

The greater the temperature difference between the treat-
ment temperature in the upper temperature range and the
quenching temperature 1s, the more reliably can the undesired
transiformation of the network structure into low-temperature
phase be avoided. On the other hand, quenching of the quartz
glass over a large temperature range will render the subse-
quent setting of a low fictive temperature of the quartz glass
more difficult. Quenching over a temperature range of more
than 150° C. 1s therefore not preferred.

Advantageously, the quenching temperature 1s lower than
1090° C., preterably lower than 1070° C.

It has been found that rapid cooling to a temperature below
1090° C., preferably below 1070° C., transforms a small
proportion of high-temperature phase. This 1s demonstrated
by the fact that quartz glass components quenched to a cor-
respondingly deep level can show a favorable compaction
behavior 11 they are subsequently set to a low fictive tempera-
ture.

As explained above, the faster the quenching process takes
place from the temperature in the upper temperature range,
the smaller 1s the proportion of the quartz-glass network
structure transformed 1nto low-temperature phase. Therefore,
the mean cooling rate during quenching is thus preferably a
multiple of the mean cooling rate during cooling from the
temperature from the low temperature range, 1.¢. at least twice
the amount.

In this context 1t has turned out to be usetul when the first
mean cooling rate 1s at least 1° C./h, preferably at least 2°
C./h, particularly preferably at least 4° C./h, and when the
second mean cooling rate 1s less than 1° C./h, preferably less
than 0.8° C./h.

A Turther improvement of the UV 1rradiation resistance of
the quartz glass 1s achueved when the second treatment phase
includes a time sequence of heating and cooling steps 1n the
lower temperature range.

The setting of a fictive temperature that 1s as low as possible
in the second treatment phase requires a modification of the
network structure and a density change not only on a micro-
scopic scale, but also a deformation on the macroscopic scale.
This requires a relaxation of the network structure over the
whole volume of the quartz glass block, also 1n order to
reduce or avoid stresses. Surprisingly enough, it has been
found that such a relaxation of the network structure of the
whole quartz glass blank i1s facilitated by an oscillating
annealing temperature in which temperature waves produced
so to speak by heating and cooling processes encompass the
whole blank.

It has proved to be useful when the multi-stage annealing
treatment 1ncludes post-annealing in the temperature range
between 650° C. and 850° C.

The quartz glass 1s here once again enabled to relax. The
temperature distribution inside the quartz glass blank 1s
homogenized, and real and “frozen-in” thermal gradients
leading to stress birefringence are here reduced.

As for a favorable behavior towards compaction and cen-
tral birefringence of the quartz glass blank, 1t 1s of advantage
when the fictive temperature of the quartz glass 1s below
1045° C., preferably below 1035° C., after completion of the
annealing treatment.

The lower the fictive temperature of the quartz glass, the
better 1s 1ts UV radiation resistance with respect to the dam-
age mechanism of the compaction. On the other hand, the
setting of a particularly low fictive temperature requires rela-
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tively long treatment periods in the lower temperature range
because of the quenching of the quartz glass from the upper
temperature range in the method according to the mvention.
Fictive temperatures below 1000° C. are therefore not
achieved as a rule.

It has turned out to be particularly advantageous when the
first treatment period lasts for at least 5 h.

The longer the treatment period at a high temperature 1s,
the more reliably and reproducibly will the quartz glass blank
reach a thermal balance and the more pronounced and homo-
geneous will the setting of the high-temperature phase be
across the whole volume of the blank. The treatment period at
a high temperature also encompasses one or several heating
and cooling ramps as long as the blank has a temperature 1n
the upper temperature range. Treatment durations of up to 40
hours are here easily possible.

As for the second treatment duration, 1t has turned out to be
quite advantageous when the second treatment period lasts
for at least 100 hours and for not more than 12 days.

As a rule, a long second treatment period of at least 100
hours 1s needed for setting the desired low fictive temperature
of the quartz glass blank. However, treatment periods of more
than twelve days are disadvantageous not only for reasons of
costs, but also with respect to changes 1n the glass structure,
particularly due to the formation of inhomogeneities caused
by the out-diffusion of components and contamination by the
in-diffusion of impurities and by an increasing transforma-
tion into low-temperature phase.

Furthermore, 1t 1s advantageous when the quartz glass
blank 1s loaded with hydrogen after the annealing treatment,
the mean hydrogen content of the quartz glass being set to a
value between 5x10"> and 1x10"" molecules/cm”.

Hydrogen 1s known to show a healing effect relative to
defects caused by UV i1rradiation mn quartz glass. In the
method of the invention a possible initial hydrogen content of
the quartz glass 1s however removed prior to annealing to
avoid the formation of SiH groups. Theretore the quartz glass
blank 1s subsequently loaded with hydrogen. The higher the
hydrogen content 1s the greater i1s its defect-healing effect
upon UV 1rradiation. On the other hand, a high hydrogen
content may contribute to the formation of SiH groups and
leads to a prolongation of loading times and an increase in the
apparatus needed therefor, so that the mean hydrogen group
content of the quartz glass is preferably less than 1x10"’
molecules. S1H groups in quartz glass are not desired because
upon 1rradiation with high-energy UV light a so-called E'
center 1s formed therefrom, said center causing absorption at
a wavelength of 210 nm and being also noticed 1n the neigh-
boring UV wavelength range. To avoid the formation of S1H
groups already during hydrogen loading, it 1s carried out at a
low temperature below 500° C.

The hydrogen content (H, content) 1s determined with the
help of a Raman measurement, which was suggested by
Khotimchenko et al. for the first time (“Determining the Con-
tent of Hydrogen Dissolved 1n Quartz Glass Using the Meth-
ods of Raman Scattering and Mass Spectrometry” Zhurnai
Prikladnoi Spektroskopii, Vol. 46, No. 6 (June 1987), pp.
087-991).

In a particularly preferred variant of the method the mean
hydroxyl group content of the quartz glass 1s set to a value
between 5 wippm and 350 wtppm, preferably between 10
wtppm and 35 wippm.

The viscosity of quartz glass and 1ts relaxation behavior are
essentially influenced by 1ts hydroxyl group content (OH
content). It must be assumed that the transformation from
high-temperature phase to low-temperature phase 1s pro-
moted by hydroxyl groups and accompanied by a rearrange-
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ment of hydroxyl groups. This rearrangement mechanism 1s
the more likely and easier the more hydroxyl groups are
available. Therefore, a low hydroxyl group content dimin-
ishes the sensitivity of the glass structure to phase transior-
mation processes, and a quartz glass having a hydroxyl group
content 1n the above-mentioned range 1s distinguished by a
particularly low tendency to compaction. The above data on
annealing temperatures and times, mean cooling rates and
fictive temperatures were determined on quartz glass having
a hydroxyl group content ranging from 5 wtppm to 50 wtppm.
It must be assumed that the corresponding data 1n the case of
quartz glass with a different hydroxyl group content differ
therefrom.

The hydroxyl group content follows from a measurement
of the IR absorption according to the method of D. M. Dodd

and D. B. Fraser, “Optical determination of OH 1n fused
silica”, J. Appl. Physics, Vol. 37 (1966), p. 3911.

As for the blank made from synthetic quartz glass, the
above-mentioned object starting from a blank of the above-
mentioned type 1s achieved according to the invention in that
the blank can be produced by means of the method according
to the invention.

The quartz glass blank according to the invention is distin-
guished by 1ts manufacturing method. This method aims at
maintaining a “high-temperature phase” proportion that 1s as
great as possible in the quartz glass of the blank 1n the course
of the annealing process and at imparting an acceptable low
fictive temperature to the quartz glass at the same time. The
measures known from the prior art for setting a fictive quartz-
glass temperature that 1s as low as possible counteract the
maintenance ol a high-temperature phase proportion that is as
great as possible. The method of the invention as explained
above 1n more detail teaches a convenient compromise per-
mitting the manufacture of a quartz-glass blank with a com-
paction-resistant quartz glass structure.

As has already been mentioned above 1n the explanation of
the method according to the invention, there are models that
can explain the existence of high-temperature phase and low-
temperature phase 1n quartz glass, but there are no methods
for the quantitative determination of said phases. Possible 1s
only an indirect and qualitative estimation based on UV dam-
age measurements on the finished quartz glass blank.

It has been found that an optical component made from a
quartz glass blank according to the invention 1s subjected to a
comparatively small anisotropic and isotropic density change
upon application with high-energy UV laser radiation, so that
it 1s particularly well suited for an application for the trans-
mission of linearly polarized UV radiation of a wavelength
between 190 nm and 250 nm.

Furthermore, apart from a high-temperature phase propor-
tion that1s as great as possible, the finished blank according to
the mvention preferably shows a fictive temperature (on aver-
age) below 1045° C., particularly preferably below 1035° C.,
and a mean content of hydroxyl groups between 5 witppm to
S50 wtppm, preferably between 10 wtppm and 35 wtppm, and
a mean hydrogen content in the range between 5x10'> and
1x10"" molecules/cm”.

As Tor 1ts manufacture and further properties of the quartz
glass blank according to the invention, reference 1s made to
the above explanations regarding the method according to the
ivention.

PREFERRED

EMBODIMENTS

The 1nvention will now be explained in more detail with
reference to embodiments and a drawing, 1n which
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FIG. 1 shows an embodiment of a temperature/time profile
for annealing a quartz glass blank according to the invention,

in a schematic illustration;

FIG. 2 a diagram on the correlation between measured
values and a model for compacting the quartz glass with
respect to UV radiation in dependence upon 1ts thermal his-
tory, and

FIG. 3 a diagram on the dependence of the UV radiation-
induced central birefringence 1n dependence upon the pulse
number of the UV radiation for differently annealed quartz
glass qualities.

SAMPLE

PREPARATION

A sootbody 1s produced by flame hydrolysis of S1Cl, on the
basis of the known OVD method. The soot body 1s dehydrated
at a temperature of 1200° C. 1n a heating furnace with a
heating element of graphite 1n vacuum. After completion of
the dehydration treatment after 100 hours the mean hydroxyl
group content of the soot body 1s about 30 wtppm.

The dried soot body 1s then introduced 1nto a doping fur-
nace and 1s treated therein at a temperature of 1100° C. for 20
hours 1n an atmosphere consisting of 5% oxygen, the balance
being inert gas. This treatment 1s configured such that pos-
sible oxygen defects are eliminated.

The dried and post-treated soot body 1s subsequently vit-
rified 1n a sintering furnace at a temperature of about 1750° C.
in vacuum (10~% mbar) into a transparent quartz glass blank.
Said blank 1s subsequently homogenized by thermal
mechanical homogenization (twisting) and formation of a
quartz glass cylinder. Thereafter the hydroxyl group content
of the quartz glass cylinder continues to be about 30 wtppm.

For reducing mechanical stresses and for diminishing bire-
fringence and for producing a compaction-resistant quartz
glass structure the quartz glass cylinder 1s subjected to an
annealing treatment, as shown by the annealing profile T(t) of
FIG. 1 1n an embodiment.

In this process the quartz glass cylinder 1s heated within 15
hours to a temperature of 1180° C. and 1s kept at said tem-
perature 1n a first treatment phase for 8 hours 1n air and at
atmospheric pressure. The quartz glass cylinder 1s subse-
quently quenched at a high cooling rate of 4° C./h to a tem-
perature of 1080° C.

This 1s followed by a second treatment phase during which
the quartz glass cylinder 1s further cooled at a low cooling rate
of 0.7° C./h to a temperature of 1000° C. Thus this cooling
ramp lasts for a total of 114 hours.

Subsequently, cooling 1s continued to reach a temperature
of 750° C., at which the cylinder 1s kept for another 80 hours
tor reducing mechanical stresses belfore it 1s cooled at a cool-
ing rate of 50° C./h to a temperature of 300° C., and the
furnace 1s then switched ofl and the quartz glass cylinder 1s
left to the free cooling of the furnace.

The quartz glass cylinder treated in this way has an outer
diameter of 350 mm and a thickness of 60 mm. The quartz
glass has a mean fictive temperature of 1038° C. Before the
next treatment step part of the oversize for the component
contour 1s removed from the end faces of the quartz glass
cylinder, namely a thickness of 3 mm.

Thereafter the quartz glass cylinder 1s kept 1n a pure hydro-
gen atmosphere at 380° C., first at an absolute pressure of 2
bar for a period o1 300 hours and then at the same temperature
at a hydrogen partial pressure of O bar for a duration of 25 h
and then at an absolute pressure of 0.1 bar for a duration of
850 hours.

The quartz glass cylinder obtained thereafter 1s substan-
tially free from chlorine, oxygen defects and SiH groups
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(below the detection limit of 5x10"° molecules/cm?), and it is
distinguished within a diameter of 280 mm (CA area) by a
mean hydroxyl group content of 3x10"'® molecules/cm’, a
mean hydroxyl group content of 30 wtppm and by a mean
fictive temperature of 1038° C.

Several quartz glass cylinders were prepared in this way by
varying the annealing conditions of the first and the second
treatment phase. One vanation of the annealing conditions
consists 1 cooling to a temperature of 1050° C. during the
second treatment phase and then, starting from this tempera-
ture, 1n subsequently conducting a cyclic sequence of sinu-
soidal heating and cooling ramps of 0.33° C./min and at an

amplitude o1 30° C. within a temperature range of up to 1080°
C.
Measurements

Measurement samples were taken from the quartz glass
cylinders produced 1n this way for determining the resistance
of the quartz glass to 1rradiation with linearly polarized UV
excimer laser radiation of a wavelength of 193 nm. Both the
1sotropic density change (compaction behavior) and the
anmisotropic density change (central birefringence) were
determined.

Measurement Results

With respect to the compaction behavior a definite corre-
lation between density change and fictive temperature of the
different quartz glass samples could not be detected, as has
already been mentioned above. Likewise, no definite corre-
lation can be found between the change 1n the density of the
quartz glass samples, depending on the quenching speed of
1180° C. to a low temperature (<980° C.), the minimum
cooling rate being 0.56° C./h.

FI1G. 2, however, shows that an almost linear correlation
exists between the measured compaction “M” and a model
function “fit”, in which the said two parameters (fictive tem-
perature and annealing duration) are summarized as follows:

Fil.5

fit = clx(;) + 2x(TF — TFO) (D

¢l and c2=constants

t=total temperature duration

t=hixed temperature-dependent relaxation time
Ti=measured fictive temperature

T10=ollset relative to the fictive temperature

The first term (t/t)'~ describes the probability of a trans-
formation from high-temperature phase to low-temperature
phase and 1s thus a measure of the proportion of the low-
temperature phase in the respective quartz glass. The second
term (T1-T10) 1s a measure of the fictive temperature of the
quartz glass.

The diagram of FIG. 2 thereby shows that the model func-
tion for the compaction “fit”, which takes into account these
two parameters, 1s scaled with the actually measured com-
paction. This means that with an increasing proportion of
low-temperature phase and with an increasing fictive tem-
perature the sensitivity of the quartz glass samples increases
relative to an 1sotropic density change upon irradiation with
linearly polarized laser light radiation of a wavelength of 193
nm. The quartz glass sample, the manufacture of which has
been explained above in more detail, 1s designated 1n FIG. 2
with reference numeral 21. The corresponding radiation
resistance of the quartz glass sample can be regarded as very
high.

The diagram of FIG. 3 shows the change 1n the refractive
index “AB” (in nm/cm) of the central birefringence 1n depen-
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dence upon the irradiation dose “D”, expressed as the product
of pulse number P and energy density € (in uJ/cm?®) of the
introduced UV radiation for a total of four different quartz
glass qualities (lines of best fit 31 to 34). The samples were
here subjected to linearly polarized UV radiation of a wave-
length of 193 nm, and the change in birefringence caused
thereby was measured from time to time. This yields an
approximately linear increase 1n birefringence with the 1ntro-
duced radiation dose. The four lines of best fit 31 to 24
represent the measurement results for quartz glass qualities

with the following annealing temperatures:
Line 31: 4 h holding time at 1100° C., then within 14 h to

1040° C., held at 1040° C. for 1 h. The quartz glass has a

fictive temperature of 1093° C.

Line 32: 8 h holding time at 1180° C., then within 72 h to
1040° C., held at 1040° C. for 1 h. The quartz glass has a
fictive temperature of 1078° C.

Line 33: 8 h holding time at 1180° C., then within 168 h to
1040° C., held at 1040° C. for 1 h. The quartz glass has a
fictive temperature of 1063° C.

Line 34: The quartz glass was produced and annealed accord-
ing to the invention, as described above.

It becomes apparent from this that the anisotropic density
change 1n all samples increases with the dose of the UV
radiation, but that the increase 1n the sample taken from the
quartz-glass produced according to the invention is distinctly
smaller than 1n other quartz glass qualifies. Optical compo-
nents produced from a corresponding quartz glass quality are
particularly suited for use 1n a projection system of an auto-
matic exposure device for immersion lithography for the pur-
pose of transmitting ultraviolet, pulsed and linearly polarized
UV laser radiation of a wavelength between 190 nm and 250
nm.

The mvention claimed 1s:

1. A method for producing an optical component of syn-
thetic quartz glass with radiation resistance 1n a microlitho-
graphic device at an operating wavelength below 250 nm, said
method comprising:

providing a quartz glass blank with a hydroxyl group con-
tent of less than 250 wtppm and subjecting the quartz
glass blank to a multi-stage annealing treatment com-
prising the following steps:

(a) a first treatment phase during which the quartz glass
blank 1s treated 1n an upper temperature range between
1130° C. and 1240° C. during a first treatment period;

(b) cooling the quartz glass blank at a first mean cooling
rate to a quenching temperature below 1100° C.,
wherein the quartz glass blank reaches a first fictive
temperature with a high mean value o1 1100° C. or more;
and

(c) a second treatment phase comprising cooling the quartz
glass blank at a second mean cooling rate lower than the
first mean cooling rate, the quartz glass blank being
treated 1n a lower temperature range between 950° C.
and 1100° C. during a second treatment period such that
the quartz glass blank reaches a second fictive tempera-
ture with a low mean value that 1s at least 50° C. lower
than the high mean value of the first fictive temperature.

2. The method according to claim 1, wheremn the first

treatment phase comprises annealing the quartz glass blank in
a temperature range of 1150° C. to 1210° C.
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3. The method according to claim 1, wherein the second
treatment phase comprises annealing the quartz glass blank in
a temperature range of from 1000° C. to 1100° C.

4. The method according to claim 1, wherein the quenching,
temperature 1s at least 50° C. lower than a treatment tempera-
ture 1n the upper temperature range.

5. The method according to claim 1, wherein the quenching,
temperature 1s lower than 1090° C.

6. The method according to claim 1, wherein the first mean
cooling rate 1s at least 1° C./h.

7. The method according to claim 1, wherein the second
mean cooling rate 1s less than 1° C./h.

8. The method according to claim 1, wherein the first mean
cooling rate 1s at least two times the second mean cooling rate.

9. The method according to claim 1, wherein the second
treatment phase includes a time sequence of heating and
cooling steps 1n the lower temperature range.

10. The method according to claim 1, wherein the multi-
stage annealing treatment further includes post-annealing the
quartz glass blank 1n a temperature range between 650° C.
and 850° C.

11. The method according to claim 1, wherein the second
fictive temperature of the quartz glass 1s below 1045° C. after
completion of the annealing treatment.

12. The method according to claim 1, wherein the first
treatment period 1s at least 5 hours.

13. The method according to claim 1, wherein the second
treatment period 1s at least 100 hours and not more than 12
days.

14. The method according to claim 1, wherein the quartz
glass blank 1s loaded with hydrogen after the annealing treat-
ment, a mean hydrogen content of the quartz glass being set to
a value between 5x10'> and 1x10'” molecules/cm”.

15. The method according to claim 1, wherein a mean
hydroxyl group content of the quartz glass 1s set to a value
between 5 witppm and 50 wtppm.

16. A blank made from synthetic quartz glass for producing
an optical component for use in a microlithographic device at
an operating wavelength below 250 nm, wherein the blank 1s
produced by the method according to claim 1.

17. The method according to claim 1, wherein the quench-
ing temperature 1s at least 80° C., lower than a treatment
temperature in the upper temperature range.

18. The method according to claim 1, wherein the quench-
ing temperature 1s lower than 1070° C.

19. The method according to claim 1, wherein the first
mean cooling rate 1s at least 2° C./h.

20. The method according to claim 1, wherein the first
mean cooling rate 1s at least 4° C./h.

21. The method according to claim 1, wherein the second
mean cooling rate 1s less than 0.8° C./h.

22. The method according to claim 1, wherein the fictive
temperature of the quartz glass 1s below 1035° C., after
completion of the annealing treatment.

23. The method according to claim 1, wherein a mean

hydroxyl group content of the quartz glass blank is set to a
value between 10 wtppm and 335 witppm.
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